In recent years, high entropy alloys (HEAs) have attracted significant attention due to their excellent mechanical properties and good corrosion resistance, making them potential candidates for high temperature fission and fusion structural applications. However there is very little known about their radiation resistance, particularly at elevated temperatures relevant for energy applications. In the present study, a single phase (face centered cubic) concentrated solid solution alloy of composition 27%Fe-28%Ni-27%Mn-18%Cr was irradiated with 3 or 5.8 MeV Ni ions at temperatures ranging from room temperature to 700°C and midrange doses from 0.03 to 10 displacements per atom (dpa). Transmission electron microscopy (TEM), scanning transmission electron microscopy with energy dispersive x-ray spectrometry (STEM/EDS) and X-ray diffraction (XRD) were used to characterize the radiation defects and microstructural changes. Irradiation at higher temperatures showed evidence of relatively sluggish solute diffusion with limited solute depletion or enrichment at grain boundaries. The main microstructural feature at all temperatures was high-density small dislocation loops. Voids were not observed at any irradiation condition. Nano-indentation tests on specimens irradiated at room temperature showed a rapid increase in hardness ~35% and ~80% higher than the unirradiated value at 0.03 and 0.3 dpa midrange doses, respectively. The irradiation-induced hardening was less pronounced for 500°C irradiations (<20% increase after 3 dpa). Overall, the examined HEA material exhibits superior radiation resistance compared to conventional single phase Fe-Cr-Ni austenitic alloys such as stainless steels. The present study provides insight on the fundamental irradiation behavior of a single phase HEA material over a broad range of irradiation temperatures.
Introduction
High entropy alloys (HEAs) are composed of four or more metallic elements mixed in an equimolar or near equimolar ratio [1] . The introduction of near-equiatomic multicomponent single phase high entropy alloys has changed the conventional alloy design process in which only one or two principal elements determine the material primary properties [2, 3] . It was historically assumed that the presence of a high concentration of multiple alloying elements would embrittle the material by forming intermetallic compounds, and hence relatively little work was performed on alloys containing more than three major solute elements until one decade ago. Several compositions of HEAs or multicomponent alloys have been found to form ductile solidsolution structures involving face centered cubic (FCC) or body centered cubic (BCC) phases or mixtures of the two, instead of brittle intermetallic compounds [3] [4] [5] [6] . In addition, their attractive physical and mechanical properties such as high strength, ductility, wear resistance, high temperature softening resistance and corrosion resistance make HEAs potential candidates for high temperature fission or fusion structural applications. Nonetheless, there is practically nothing known about their radiation resistance at elevated temperatures relevant for potential nuclear energy applications. It is hypothesized that the high configurational entropy might influence point defect recombination phenomena in irradiated materials by modifying the vacancy-interstitial recombination interaction distance, solute diffusivity, or other mechanisms, thereby producing different (superior or inferior) radiation stability compared to conventional single phase alloys.
Prior radiation effects studies on high entropy alloys have examined only a partial subset of microstructural phenomena that might occur in these alloys due to displacement damage, with most of these prior studies performed at room temperature. Nagase et al., have investigated the irradiation-induced structural changes in nanocrystalline (~10 nm grain size) CoCuCrFeNi FCC HEA thin films (25 and 100 nm thick) under 2 MeV in-situ electron irradiation at 298 and 773 K by high voltage electron microscopy. It was shown that the HEA FCC phase exhibited generally good stability up to 40 displacements per atom (dpa) of irradiation at 298 K and 773 K (some phase decomposition to BCC and B2 phases occurred for doses above ~2 dpa, but this trend was also observed after thermal annealing at elevated temperatures without irradiation) [7] . A similar 2 MeV electron irradiation study at room temperature and 103 K on nanocrystalline (1 to 24 nm grain size) BCC Zr-Hf-Nb also reported moderate nanoscale precipitation with generally good stability of the BCC matrix phase up to ~40 dpa [8] . Since nanoscale grain sizes are known to inhibit radiation-induced solute segregation and radiation-induced phase decomposition [9] , it is uncertain what role (if any) that concentrated compositional complexity might be playing to enhance phase stability in these studies. In addition, the relatively low knock-on atom energies associated with electron irradiation are not representative of the energetic displacement cascade conditions representative of fast neutron or energetic heavy ion irradiations. In general, phase stability during irradiation involves a competition between ballistic dissolution of precipitate embryos by energetic displacement cascades and coupled solute-defect radiation-enhanced diffusion to stimulate precipitate nucleation; therefore, the low primary knock-on atom energies associated with electron irradiation are difficult to extrapolate to energetic primary knock-on atom energies representative of nuclear energy applications. Another recent study on FCC-based AlxCoCrFeNi HEAs has reported good phase stability following heavy ion (3 MeV Au) irradiation at room temperature up to ~50 dpa [10] . However, since radiation-induced solute segregation and radiation-induced precipitation are generally only observed during irradiation at intermediate temperatures near 0.35-0.6 T M , where T M is the melting temperature [11] [12] [13] , the applicability of these room temperature studies to elevated temperature (300-800°C) nuclear energy systems is questionable. Overall, the recent studies on irradiated HEAs suggest good resistance to amorphization and good phase stability during room temperature irradiation [14] [15] [16] , but these prior studies did not perform detailed microstructural or solute segregation (particularly grain boundary segregation) evaluations. In general, open questions include whether HEAs exhibit fundamentally different responses to irradiation compared to conventional metallic alloys, and whether they are viable candidates for nuclear energy applications (which involve a range of elevated irradiation temperatures, typically ∼300°C for light water reactors and 300-800°C for fusion and Gen IV fission applications) [17] .
In the current water-cooled nuclear fission reactors, austenitic (FCC) steels are widely used as a structural material, and high performance steels are considered to be essential for numerous proposed future nuclear energy systems, including sodium-cooled fast fission reactors and fusion reactor first-wall structures that require excellent radiation resistance to high doses of 100-200 displacements per atom (dpa) [17] [18] [19] . On the other hand, currently available austenitic stainless steels do not appear to exhibit sufficient radiation damage resistance for extended operation at elevated temperatures in next generation nuclear energy systems [17, 18] . Radiation degradation of Fe-based austenitic steels is associated with several phenomena, including void swelling, irradiation-assisted stress corrosion cracking, decrease in fracture toughness and radiation-induced segregation (RIS). Of these, void swelling and RIS are two extremely important challenges for materials exposed to irradiation at elevated temperatures. The void swelling behavior of steels can cause unacceptable dimensional expansion and can lead to degradation of fracture toughness [17, 20] , whereas RIS can lead to phase instability, embrittlement, and stress corrosion cracking issues [11, 21] .
Radiation-induced segregation is a phenomenon in which the local alloy composition is altered by the coupled motion of solute with the vacancy or interstitial-type point defects in irradiated metals. This leads to enrichment or depletion of solute elements near point defect sinks such as grain boundaries, phase boundaries, dislocations and voids. The mechanisms controlling RIS in steels are associated with inverse Kirkendall (vacancy) effects and solute drag coupled with the diffusional flow of vacancies or interstitials [11, 12, 22] . A strong variation in RIS has been observed in austenitic Fe-Cr-Ni alloys with the change in irradiation temperature, flux, composition, and grain boundary type [22] [23] [24] . Although depletion of Cr is universally observed at grain boundaries in irradiated austenitic steels, the experimental observations on ferritic/martensitic (BCC) steels shows more complex behavior with either enrichment or depletion at the grain boundary depending on the detailed irradiation conditions [22, [24] [25] [26] [27] [28] . A similar complexity in RIS was reported in Fe-Cr-Mn based austenitic steels. Although Cr depletion at sinks occurs in both Fe-Cr-Ni and Fe-Cr-Mn alloys, the segregation trend in Fe-Cr-Mn alloys is different due to the fact that Fe is predominantly enriched at the grain boundary sinks in Fe-Cr-Mn, while Ni enrichment is predominant in Fe-Cr-Ni alloys. Fe segregation often leads to phase instability or decomposition at higher irradiation temperatures. Therefore, although a clear trend of Mn depletion and Fe enrichment was seen in Fe-Cr-Mn alloys at lower irradiation temperatures, the behavior at higher irradiation temperatures is often unclear [29, 30] . In recent years ab-initio calculations using density functional theory (DFT) have been used to examine the RIS behavior in austenitic and Fe-Cr-Ni alloys [31] [32] [33] . However, many uncertainties remain regarding the solute segregation behavior during irradiation, in particular the competition between interstitial vs. solute drag mechanisms [22, 34, 35] . In addition, very little is known about the influence of additional factors such as configurational entropy on the RIS behavior.
The key objective of the present study is to examine the extent of microstructural and mechanical changes produced by irradiation on a specific solid solution austenitic HEA compared to conventional Fe-Cr-Ni FCC alloys, in order to determine if HEAs might exhibit substantially different irradiation-induced responses such as RIS, radiation hardening, or void swelling. This work provides the initial examination of the fundamental irradiation behavior of an HEA material, thereby giving insight into the potential of this family of materials for nuclear applications.
Experimental
Many of the high entropy alloys studied to date contain Co, making them unfavorable for nuclear applications due to high neutron transmutation-induced radioactivity that can increase radiation shielding requirements during handling after neutron irradiation and can lead to undesirable increase in radiation exposures to workers during maintenance of nuclear power plants. In the present study, a novel 27%Fe-28%Ni-27%Mn-18%Cr (wt%) high entropy alloy has been synthesized [36] . The material was prepared by arc-melting a mixture of constituent metals of high purity. In general, the high entropy alloy should consist of approximately equimolar compositions in order to maximize configurational entropy. However, exploratory studies determined that the Fe-25%Ni-25%Mn-25%Cr alloy was not a single phase. The reduced Cr levels (compared to an equimolar composition) produced a single phase FCC structure as determined through X-ray diffraction and electron microscopy. The cast bar was homogenized at 1200 °C for 48 h, then cold rolled and recrystallized at 900°C for 4hr in a vacuum furnace to obtain fully recrystallized equiaxed microstructure with a grain size of ~35µm (note this recrystallization time is longer than the 1 h time used for a companion study [36] , resulting in a larger grain size, ~35µm vs. ~15µm in ref. [36] ). As shown in Figure 1 and discussed elsewhere [36] , the alloy exhibited good strength and ductility over a wide temperature range, with yield strength and total elongation smoothly varying from 450 MPa and 45% at -200°C to 120 MPa and 12% at 800°C. All of the specimens were mechanically polished down to 1 micron diamond lapping film prior to ion irradiation. Ion irradiations were performed at two irradiation facilities; the University of TennesseeOak Ridge National Laboratory ion beam materials laboratory (IBML) and Texas A&M University Radiation effects facility (REF). Ion irradiation doses were computed by SRIM [37] assuming a displacement energy of 40 eV and following the recommendations of Stoller (quick Kinchin-Pease option) [38] . The calculated ion ranges for 3 MeV and 5.8 MeV Ni ions are ~ 1.07 and ~2.5 microns and mid-range dose is evaluated at a depth of ~0.5 and ~1 micron respectively. The damage and implanted ion profiles generated using SRIM are shown in Fig. 2 . Microstructural and micro chemical characterization was mainly performed at midrange depths (intermediate between the surface and peak damage regions) to minimize artifact effects associated with the surface sinks and implanted ions, respectively [39] [40] [41] Hardness measurements on unirradiated and 3 MeV Ni ion-irradiated samples were performed at room temperature using a MTS XP nanoindenter. Hardness was not measured on the 5.8 MeV Ni ion irradiated samples due to the variability associated with the surface contamination layer in these samples. A Berkovich diamond indenter (3-sided pyramidal tip) was used for the tests. All the tests were performed in continuous stiffness measurement mode [42] with a constant loading rate ܲ ሶ ܲ ൗ = 0.05s -1 and the maximum load applied was 150 mN. For good statistical analysis, each sample was indented with at least 16 to 25 indents, and the average of the results was used in the analysis. Hardness was measured as a function of depth from the point of contact of the nanoindenter with the surface to a depth of about 1800 nm. The hardness data within ~200 nm from the sample surface was discarded due to large data scatter associated with surface roughness. Since it is well known that the indentation hardness is sensitive to regions that are several times the indentation depth, the indentation transition depth between the near-surface ion damaged layer and underlying undamaged substrate was experimentally determined to be ~350 nm for all irradiation conditions by the method outlined by Nix and Gao [43] . Consequently, the hardness at an indenter depth of 300 nm was selected as the best condition that measured only the 3 MeV Ni ion irradiated region, without the large data scatter at shallower indentation depths (associated with surface roughness artifacts). Nanoindentation tests were not performed on the 5.8 MeV Ni ion irradiated specimens as the non-uniform contamination layer, formed due to poor vacuum during irradiation, would influence the determination of specimen contact area, and would therefore cause errors in the measurement of hardness and modulus.
Conventional X-ray diffraction measurements were performed on the as-fabricated FeNi-Mn-Cr HEA bulk material with a copper tube (K α wavelength λ= 1.5406 Å) at room temperature at an accelerating voltage and current of 40kV and 40 mA. The interval between each acquisition was 0.02 degrees and the step time was 1s; XRD spectra for HEA samples recrystallized by 1h anneal at 900°C are described in ref. [36] . A PANalytical Xpert diffractometer with a MoK α (λ= 0.70932 Å) target operated at 45 kV and 40 mA with a scan rate of ~1°/min (0.02° step size) at room temperature was used to perform grazing incidence X-ray measurements on the unirradiated and 3 MeV Ni ion irradiated samples. The incident beam was fixed at 2° relative to the sample surface, so the maximum penetration depth was <2µm. All scans used 2 mm adjustable slits and 2° anti-scatter slit so that the same portion of the sample was always in the X-ray beam throughout the scan. The detectable phase limit of the diffractometer for this glancing angle experimental configuration is ≈3 wt% (mainly determined by instrument-related parameters since the HEA specimen exhibited low scattering); therefore, minor phase volumes <3% were not detectable.
Microstructural characterization included scanning electron microscopy (SEM) and transmission electron microscopy (TEM). A JOEL 6500F SEM equipped with dispersive x-ray spectrometry (EDS) X-ray detector was used to analyze the dark spots on the HEA specimens. For EDS work, the SEM accelerating voltage was 20kV; the working distance was 10 mm. Cross-section transmission electron microscopy (TEM) specimens from the irradiated samples were prepared using a focus ion beam (FIB) (FEI Quanta 3D 200i) system with Ga + ions. The ion energy at the main thinning step was 30 keV, and during the later stages of thinning, the energy was progressively reduced to 8, 5 and 2 keV with the final thinning at a foil thickness of ~100 nm performed with a current of 27 pA. In order to further minimize the unwanted FIB surface damage caused by Ga + ions, a low voltage argon ion polishing system (Fischione NanoMill-model 1040) was subsequently used for creating high quality TEM specimens. A very low voltage and current of 900 eV and 90 pA were used at this stage of TEM specimen preparation. As a final step, a Fischione Plasma Cleaner (Model 1020) was used to remove carbonaceous contamination from the TEM specimen. A Philips CM200 FEG (field emission gun) TEM/scanning transmission electron microscope (STEM) that produces a probe of 1.4 nm at 200-kV operating voltage was used to examine the irradiation damage in the specimens.
Compositional changes across the grain boundaries of irradiated specimens were analyzed using a Talos F200X high-resolution STEM microscope equipped with SuperX EDS system with four silicon drift detectors (SDDs) with total active area of 120mm 2 .
For this work, a probe of <1 nm at 200 kV was used and an average count rate ~10 5 Xrays/s was obtained from thin HEA specimens. Elemental spectrum images on specimen area ~ 1300 x ~1300 nm were collected for ~360s. EDS spectrum images were acquired and analyzed using Bruker Esprit software on at least two representative high angle grain boundaries for each high temperature (400-700 o C) irradiated sample. 
Results and Discussion
Metallographic examination of the as-fabricated Fe-Ni-Mn-Cr HEA specimen revealed an equiaxed grain structure with a few annealing twins (see Fig. 3 ). The average grain size of the as-fabricated alloy was ≈35µm, based on line intercept method measurements of SEM images. Very few observable precipitates (black spots in Fig. 3a ,b) were seen in the backscattered electron images. EDS analysis indicated the observed precipitates are oxides rich in Cr and Mn. X-ray diffraction measurement on the bulk material after final heat-treatment showed a single phase polycrystalline structure without any second phase. This indicates that the amount of second phase in current HEA is less the detection limit of 3 wt%.
Grazing incidence XRD measurements were performed on the unirradiated and 3 MeV Ni ion irradiated samples to investigate potential phase and structural changes. As shown in Figure 4 , the samples remained fully crystalline and retained their original FCC phase, with no detectable second phase observed as a function of irradiation temperature and dose up to 0.3 or 3 dpa at room temperature or 500 o C, respectively. The variability in peak intensity is believed to be associated with moderate texture in the samples (different orientation with respect to the glancing x-ray beam). The cause of the slight shoulders in some of the peaks is uncertain, particularly since they are present in some of the unirradiated peaks (~19, 32, 38°) whereas they were not observed in the XRD investigation of the nominally identical HEA specimens in ref. 36 . No significant second phases beyond a few isolated oxide particles were observed in the TEM and EDS spectrum mapping analyses of the 5.8 MeV Ni ion irradiated samples, including the samples irradiated to 10 dpa at 400-700 o C. As a summary, TEM and XRD characterization on the ion irradiated samples subjected to doses up to 10 dpa and temperatures between room temperature and 700 o C showed a stable FCC phase with a low density of Cr and Mn rich oxide precipitates. Figure 5 shows weak-beam dark field images of ion irradiated HEA specimens (10 dpa, 400-700°C) taken using (g, 3g, g=002) weak beam diffraction conditions with foil orientation near the <110> zone axis. Dislocation loops dominate the defect microstructure at all irradiation conditions. Fine scale dislocation loops with diameters ranging from 1 to 10 nm dominated the visible defect microstructure at 400 to 700°C. An even high density of slightly smaller loops was observed following irradiation to 0.03 and 0.3 dpa at room temperature. Figure 5a shows a representative weak-beam dark field image of the dislocation structure of an ion irradiated Fe-Ni-Mn-Cr HEA specimen at 10 dpa, 700°C taken with foil orientation near the <110> zone axis. Figure 5b summarizes the temperature dependence of the measured dislocation loop diameter after 10 dpa irradiation at 400 to 700°C. The loop sizes were determined by measuring the longest axis of visible loops taken from weak beam dark field micrographs. On an average 75-100 loop diameters were considered to obtain the average loop size. The dislocation loop volumetric density was determined from the slope of the measured areal loop density versus foil thickness; this method eliminates errors associated with possible FIB surface damage artifacts or near-surface regions that are denuded of dislocation loops [44] . Table  2 summarizes the average loop diameter (d) and loop volumetric density (N) in the HEA samples for the different irradiation doses and temperatures. A slight increase in loop size and decrease in loop density is observed with increasing irradiation temperature for doses above 0.3 dpa. The increase in dislocation loop size with increasing temperature is relatively modest (from 4 to 5.5 nm as temperature is increased from 400 to 700°C for a dose of 10 dpa). Loop density appears to nearly saturate after exposure to a dose of 0.3 dpa at 500°C, which is consistent with prior ion irradiation studies on Fe-Cr-Ni alloys near 500°C [45] . It should be noted that the concentration of point defects retained in visible defect clusters in the irradiated HEA samples (Nπd 2 b/4, where b~0.2 nm) is ∼30 atomic parts per million, i.e., nearly 6 orders of magnitude less than the integrated concentration of point defects produced by the 10 dpa irradiations. Figure 6 compares the temperature-dependent dislocation loop densities for the Fe-NiMn-Cr HEA with previously reported data [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] on ion-irradiated Fe-Cr-Ni alloys. At low temperatures between room temperature and ~400°C, the HEA and conventional FeCr-Ni loop densities are comparable and nearly independent of dose (>0.3 dpa) and temperature with values near ~10 23 m -3 . For irradiation temperatures above 400°C, the loop densities monotonically decrease and loop sizes (not plotted in Fig. 6 ) monotonically increase with increasing temperature. However, the temperature dependence at 400-700°C is less pronounced and the overall loop densities are significantly higher in the irradiated HEA compared to the reported dislocation loop densities of Fe-Cr-Ni alloys irradiated under similar conditions; the HEA loop density is nearly 100 times larger than that measured in conventional Fe-Cr-Ni alloys irradiated at 700°C. The corresponding loop sizes for the HEA specimens are much smaller than reported for Fe-Cr-Ni alloys [45, 57, 58] at irradiation temperatures of 400-700°C. For example, Hudson [57] reported the average loop diameter in Ni ion irradiated Type 316 stainless steel increased from ~33 nm at 525°C to 110 nm at 650°C after irradiation near 10 dpa and Williams [58] reported loop diameters in 1 dpa Ni ion irradiated Type 316 stainless steel increased from ~5 nm at 400°C to ~30 nm at 600°C, whereas the ion irradiated HEA average loop diameter did not exceed 6 nm for irradiation temperatures up to 700°C (Fig. 5b) . A slight variation in reported defect cluster density (particularly for irradiation temperatures <300°C) could be due to the fact that some authors separated the "black spots" (small defect clusters) and dislocation loops, whereas in the current HEA study both black spots and dislocation loop are treated as dislocation loops due to their comparable sizes. In addition, if the imaging of small loops is done in thick (>150 nm) foil regions, lower loop density (up to a factor of ∼2) is observed due to poor contrast of small (~2 nm) loops and overlap effects [44] . In this study, all the observations were made in relatively thin foils (thickness of 60-80nm, measured with two-beam convergent beam electron diffraction pattern (CBED) method). However, neither "blackspot" differentiation nor thick foil effects can explain the ∼ 100x difference in loop density for HEA vs conventional austenitic alloys at 700°C and the pronounced difference in HEA vs. conventional alloy loop size at high temperatures.
Dislocation loops and network dislocations
A network dislocation density of ∼10
13
-10 14 m -2 was measured in the annealed unirradiated Fe-Ni-Mn-Cr HEA using standard line intercept methods on bright field TEM images under dynamic contrast conditions. No change in network dislocation density with irradiation was observed for any irradiation condition, which indicates that the dislocation loops haven't grown enough to coalesce and form network dislocations at any of the investigated irradiation conditions. Relatively constant defect cluster (dislocation loop) density was also observed for the high temperature (400-700°C) irradiated specimens. In conventional Fe-Cr-Ni alloys, the increase in irradiation temperature above 400°C results in a pronounced decrease in loop density and an increase in loop diameter due to an increase in diffusion rate of interstitials and vacancies [57] [58] [59] [60] . However, the nearly constant dislocation loop density (only a factor of 5 decrease between 400 and 700°C) and limited increase in loop size (17% increase in size between 400 and 700°C, 
Voids
Voids are commonly formed in irradiated single phase materials for doses above ∼1 dpa at temperatures where vacancies are mobile, due to accumulation of radiation-induced vacancies into stable cavities [61] . Void swelling in Fe-Cr-Ni alloys at elevated temperatures (>400°C) has a significant deleterious impact on allowable lifetime and reactor operations [17, [62] [63] [64] [65] [66] [67] [68] . Earlier studies have shown that overall swelling of Fe-CrNi alloys can be modified by varying the Ni and Cr concentration [63, 68] , but in general void formation is expected in conventional Fe-Cr-Ni alloys for ion irradiation doses above 1-10 dpa at 450-650°C [45, 46, 57, 69] . Figure 7 shows the over-and underfocused TEM micrographs of an Fe-Ni-Mn-Cr HEA specimen irradiated at 700°C to 10 dpa. The search for void formation was performed in the midrange damage regions (~1 µm for the 5.8 MeV Ni ion irradiated samples) in order to minimize void swelling suppression effects associated with injected ions near the peak damage region (~2 µm) or the high point defect sink effects associated with the irradiated sample surface [39, 40] . In general a void density of 10 20 -10 22 per m 3 and a swelling of 0.1 to 2.5 % have been reported in conventional austenitic steels under similar ion irradiation conditions of 450-700°C and ~10 dpa [45, 46, 56, 57] . In contrast, the HEA samples showed no detectable void formation at any of the ion irradiation conditions in this study. The fact that no voids are observed after irradiation to midrange doses of 10 dpa at 400-700 o C indicates that the HEA has better swelling resistance than conventional austenitic Fe-Cr-Ni or Fe-Cr-Mn alloys [70] . Although nickel is the slowest diffusing element compared to Fe, Cr and Mn, it is thought to raise the effective vacancy diffusion coefficient thereby decreasing the void nucleation rate [71] . Therefore the composition (higher Ni content) of the HEA could have played a major role, but complete void suppression might not be solely ascribed to higher Ni content, as several other factors, such as high configurational entropy effect, sluggish diffusion effect and self-healing (enhanced vacancy-interstitial spontaneous recombination radii) effect could play a significant role in the observed resistance to void formation of HEAs up to 10 dpa over a wide range of temperatures. Figure 8 shows the scanning transmission electron microscopy (STEM) micrographs of the Fe-Ni-Mn-Cr HEA specimens exposed to different irradiation conditions and the integrated line profiles that were extracted from area-scans performed across the grain boundaries. Random high angle grain boundaries were selected for segregation measurements, as these boundaries typically exhibit higher solute segregation than low angle boundaries [72, 73] . Irradiations from room temperature up to 500°C and 1 dpa did not show any measurable segregation detectable by Talos SuperX SSD detectors. Higher dose (10 dpa) irradiations at temperatures of 500, 600 and 700°C showed Ni enrichment at grain boundaries, while Fe, Cr and Mn were depleted near the grain boundaries. The typical full width half maximum extent of the solute segregation region adjacent to the grain boundaries was <100 nm and was symmetrical on either side of the grain boundary. In the samples irradiated at 600 and 700°C where Mn surface oxidation was accompanied by a decrease in the Mn matrix concentration from ~27 at.% to <16 at.%, the quantitative magnitude of the radiation induced segregation (RIS) may be affected by the matrix compositional changes (reduced Mn and increased Fe and Ni). However, the qualitative observed RIS trends are expected to be valid.
Radiation Induced Segregation (RIS)
In general, the RIS in Fe-Cr-Mn or Fe-Cr-Ni alloys can be explained by either of two mechanisms; inverse Kirkendall effect [74] [75] [76] and solute drag effect [77, 78] . Both the mechanisms can promote same segregation effect (e.g., for the inverse Kirkendall mechanism where Ni enriches because it is a slower diffusing oversized atom and Cr or Mn depletes because they are faster diffusing undersized atoms). A summary of both mechanisms can be found elsewhere [12, 13] . In general, prior experimental measurements and model predictions for conventional Fe-Cr-Ni alloys suggest that significant RIS is observable at doses of ~0.1 to 1 dpa, and a tendency toward saturation occurs at higher doses (i.e., relatively small additional RIS occurs at higher doses) [79] . Overall, the grain boundary segregation trends observed in the examined HEA samples 13 are qualitatively similar but less pronounced in magnitude compared to the behavior seen in austenitic stainless steels, where Ni enrichment and Cr and Mn depletion at grain boundaries have been reported following irradiation at intermediate temperatures in numerous prior studies [22, 62, 68, 80] . Figure 8 (e, f) shows the experimentally observed radiation induced segregation profiles at high angle grain boundaries in the Fe-Ni-Mn-Cr HEA samples that were ion irradiated to a dose of 10 dpa at 400 and 600°C. Negligible solute segregation is observed at 400°C, whereas measurable RIS is observed for Ni, Fe and Cr solutes at 600°C with a ~90 nm typical full width half maximum segregation profile adjacent to the grain boundary. It is worth noting that this RIS width is significantly larger than the ~5 to 40 nm widths observed in conventional Fe-Cr-Ni alloys ion irradiated near 280°C [9, 11, 21, 81] and 520°C [81] [82] [83] , respectively. The measured amount of Ni enrichment or Cr depletion at the irradiated HEA grain boundary is significantly lower (by a factor of two or more) than that in austenitic steels under similar heavy ion irradiation dose rates and temperatures. For example, conventional 316 SS irradiated with Fe ions at 350°C to a dose of 10 dpa showed ∼17 at% enrichment in Ni concentration and ∼12 at% depletion in Cr concentration [9] , and 6-8 at% Cr depletion was reported in 304 SS and 316 SS after Ni ion irradiation at 500°C to 5 dpa [83] . Similarly, the Cr depletion in 304 SS grain boundaries after 400 keV He ion irradiation to 3 to 10 dpa at 300, 400 and 500°C was 3, 11.5 and 13.5 at%, respectively and the corresponding Ni enrichment was ~4, 13 and 19 at%, respectively [81] . However, in the current HEA, a maximum of ∼7 at% Ni enrichment and ∼3 at% Cr depletion was observed in the specimen irradiated to 10 dpa at 600°C, with <1% solute segregation observed after 10 dpa at 400°C. The other HEA elements (Mn and Fe) exhibited < 3 at% grain boundary solute depletion compared to the matrix concentration after 10 dpa at 600°C.
Earlier experiments on simple Fe-Cr-Ni and Fe-Cr-Mn ternaries alloys have shown that the alloy composition plays a significant role in its segregation behavior [18, 79, 84, 85] . The diffusivities of elements such as Fe, Cr and Ni vary with the alloy composition, leading to dissimilar segregation at the grain boundaries [86] . Therefore, it is not surprising the investigated Fe-Ni-Mn-Cr HEA with higher concentrations of Ni, Mn and Cr could have a significant influence on its segregation behavior. The observed suppression of Cr depletion in the irradiated HEA compared to conventional Fe-Cr-Ni alloys and austenitic stainless steels could be due to the increase in bulk nickel concentration for the HEA [23, 79, 87] . The potential complexity in RIS behavior is also illustrated by previous grain boundary RIS results for Fe-Cr-Mn austenitic alloys. Contrary to current observations for the HEA and for low Mn alloys (moderate Mn depletion or no change compared to matrix concentration), Mn enrichment at grain boundaries was reported after irradiation for higher Mn content alloys [88] . Nevertheless, it is important to note that, unlike conventional alloys, in HEAs there is no solvent element that dominates the composition of the solid solution. Therefore, the influence of other effects, such as competing solute RIS kinetics, high entropy and severe lattice distortion, which are less pronounced in many conventional alloys, could increase the complexity of RIS processes in HEAs.
Temperature dependence of RIS
The temperature dependence of grain boundary RIS in the Fe-Ni-Mn-Cr HEA samples irradiated to a constant dose of 10 dpa was studied at irradiation temperatures ranging from 400 to 700°C. Figure 9 shows the normalized composition profiles adjacent to high angle grain boundaries for each solute element obtained from the SuperX EDS area scans as a function of temperature (i.e, the position-dependent solute concentration is normalized to the measured matrix concentration far from the grain boundary). This scaling with matrix solute concentration adjusts for the matrix Mn depletion and slight enhancement in Fe and Ni matrix concentrations of the HEA samples irradiated at 600 and 700°C due to surface oxidation effects. The spatial width of the measured solute segregation profile near the grain boundaries was <100 nm at all irradiation temperatures. In most cases, the observed RIS profile exhibited a simple symmetric bell-shaped spatial dependence, although the Fe and Cr profiles for the 500°C irradiation condition exhibits a slight deviation to a "W" shaped profile that has been previously reported in low dose (~1 dpa) RIS studies on austenitic stainless steels [21] . Figure 10 summarizes the irradiation temperature dependence of the grain boundary solute concentrations (normalized to the bulk matrix solute levels) in the Fe-Ni-Mn-Cr HEA after 10 dpa ion irradiation. The RIS behavior for a proton irradiated conventional Fe-Cr-Ni alloy is also shown for comparison. No significant solute segregation at grain boundaries was observed at 400°C in the irradiated HEA. Small amounts of Ni enrichment and Cr, Fe and Mn depletion were observed at temperatures between 500°C and 700°C. The magnitude of the RIS was most pronounced for Ni and was smallest for Cr and Fe solutes. Maximum Ni enrichment and Cr depletion was recorded at 600°C. As the temperature increases to 700°C, the amount of solute segregation is reduced compared to 600°C. The decrease in RIS at 700°C can be attributed to increase in point defect mobility with temperature, which will in turn induce back-diffusion for all solutes thus reducing the spatial concentration gradient near the grain boundaries [11] [12] [13] 79] . At a given irradiation dose, the segregation peaks at intermediate temperatures and falls off at both higher and lower temperatures. According to existing RIS models, the observation of maximized RIS in the irradiated HEA near 600°C is consistent with dominance of point defect recombination at low temperatures and high back diffusion at high temperatures.
Comparison of the radiation induced solute segregation results of the Fe-Ni-Mn-Cr HEA and a conventional Fe-Cr-Ni alloy in Figure 10 indicates that the maximum segregation occurs at a higher temperature in the HEA. Generally, in conventional Fe-Cr-Ni austenitic alloys, maximum radiation induced solute segregation occurs at intermediate temperatures of 300°C to 500°C, depending on specific alloy composition, dose rate and other irradiation parameters [79, 84, 85] . However in the current HEA, no RIS was detected at 400°C and peak segregation was observed at 600°C, indicating the possibility of sluggish diffusion kinetics in Fe-Ni-Mn-Cr HEAs compared to conventional austenitic Fe-Cr-Ni alloys. The possibility of relatively low solute diffusivity in HEA alloys is supported by the recent study on Co-Cr-Fe-Mn-Ni high entropy alloy, where it was reported that the HEA showed larger fluctuation in lattice potential sites, which resulted in the presence of abundant low-energy lattice potential sites that would thereby lower the diffusion kinetics of solute atoms [89] . An alternative explanation for the higher irradiation temperature for peak RIS in the HEA is due to the 200X higher dose rate (3x10 -4 dpa/s vs. 7x10 -6 dpa/s for the proton irradiated conventional alloys in Figure 10 ), which would be expected to shift the peak segregation to higher temperature [12, 13] . Further follow-on work is also needed to determine if the matrix Mn depletion and slight enhancement in Fe and Ni matrix solute concentrations associated with the observed surface oxidation at 600 and 700°C have a significant impact on the overall observed RIS trends in the Fe-Ni-Mn-Cr HEA; if the solute diffusivity is indeed suppressed in the nearequiatomic HEA, the modification in the HEA matrix solute composition at 600 and 700°C to unequal solute concentrations could be expected to have an effect on solute diffusivities. In any case the quantitatively lower amount of radiation-induced solute segregation in Fe-Ni-Mn-Cr HEA over the broad temperature range of 400 to 700°C indicates good RIS resistance of this material. 
Hardness:
Nanoindentation hardness is a useful tool to monitor mechanical property changes in the small affected regions associated with ion irradiated samples. The normalized (irradiated to nonirradiated) depth-dependent hardness values of the irradiated Fe-Ni-Mn-Cr HEA samples are shown in Fig. 11 . Since the elastic stress fields beneath the indenter are sensitive to microstructural features that are up to ~10 times the indenter depth, the maximum extent of the near-surface ion irradiated region that was unaffected by the underlying (softer) unirradiated substrate was determined using the method outlined by Nix and Gao [43] to correspond to an indenter depth of ~350 nm. The near-surface nanoindentation hardness data were found to exhibit large scatter due to the influence of surface irregularities, etc. Therefore, quantitative analysis of the nanoindentation hardness of the ion irradiated specimens used indenter depths from ~200 to 350 nm. The hardness in the ion irradiated region of the HEA samples increased rapidly with increasing dose at room temperature, from ~35% higher than the unirradiated value at 0.03 dpa to approximately 80% above the unirradiated hardness at 0.3 dpa. A similar increase in hardness was reported in Type 316 austenitic stainless steel ion irradiated to 0.6 and 3.7 dpa at room temperature [55] . The increase in the irradiated HEA hardness was less pronounced for irradiations at 500°C, with values of 10-15% increase at 0.3 dpa and ~18% increase at 3 dpa.
High hardness of low-temperature irradiated specimens can be explained with commonly accepted models proposed by Orowan and Seeger [44, 90, 91] . In these models, the presence of irradiation defect clusters such as dislocation loops will increase the hardness of the material by acting as obstacles to the glide of dislocations. Similarly, the smaller increase in hardness of high temperature irradiated specimens containing a lower density of loops can be explained with the same model. For instance, the specimen irradiated to a dose of 0.3 dpa at room temperature had a loop density of 1.54 x 10 23 m -3 , whereas the specimen subjected to same dose but irradiated at 500°C showed a drastic drop in loop density of 7.13 x 10 21 m -3 with only a slightly larger average loop size. Therefore, the change in defect structure itself can explain the reduced hardening of the HEA material at higher irradiation temperature. In order to quantify the contribution of dislocation loops on hardening in the irradiated HEA samples, the measured hardness is compared in the following with the predictions from the well-known dispersed barrier-hardening (DBH) model (see Equation 1 ) [44, 91] .
where ∆ߪ ௬ is the yield strength increase, M is the Taylor factor (3.06 for equiaxed BCC and FCC metals), α is the barrier strength factor, μ is the shear modulus, b is the Burgers vector of the gliding dislocations, N is the defect cluster density and d is the cluster diameter. Using the shear modulus of austenitic steels 77 GPa, α∼ 0.4 (for strong obstacles such as dislocation loops) [92, 93] and glide dislocation Burgers vector in austenitic steel (a 0 /2)<110>, a 0 = 0.364 nm, which gives a Burger vector magnitude of 0.257 nm, allows a comparison of the current hardening results with the DBH model predictions.
Higgy and Hammed showed a linear relationship between the yield stress and hardness of the form [94] 
where the constant K is ∼ 3 for irradiated austenitic stainless steels [94, 95] . Using Equations 1 and 2, the hardness increment ‫ܪ∆(‬ ) based on the DBH model can be calculated. Table 3 shows the comparison between the calculated hardness changes ‫ܪ∆‬ and the experimentally obtained hardness changes ‫ܪ∆‬ for the irradiated samples. It can be seen that the calculated hardness changes using the DBH model are consistent with hardness changes obtained by nano-indentation tests. A small difference in experimental values and the calculated values for 0.3 dpa irradiation at room temperature could be due to the presence of additional non-visible defects clusters which are not detected by TEM.
Overall it appears that the visible dislocation loops are the main contributors for irradiation induced hardening of HEAs at room temperature and higher temperature irradiations. 
Discussion
The purpose of this study is to obtain initial experimental data on the irradiation behavior of a novel single phase FCC high entropy alloy over a wide range of technology-relevant temperatures. It is generally accepted that radiation enhances the diffusion in solids by creating defects such as vacancies and interstitials. Unlike in conventional alloys, each atom in the HEA is surrounded by different neighboring atoms leading to different bond configurations and thus different lattice potential energies (LPE) at lattice sites. If one atom has to diffuse from one lattice position to another position, it will most likely be in different environment with a different lattice potential energy. The new lattice position may not be energetically preferable for the atom, so in order to minimize its energy the atom may return back to its original position or might find a new location having similar neighboring atoms. This qualitative discussion suggests the atomic diffusion in HEAs may be suppressed due to the anticipated existence of preferential lattice sites for each element which could lead to suppression of diffusion. Tsai et al., has reported the diffusion kinetics of each element in the Co-Cr-Fe-Mn-Ni HEA system are lower than conventional alloys [89] . For example, Cr and Ni diffusion coefficients in Co-Cr-Fe-MnNi HEA were reported to be 2.5 and 2.8 times slower than the diffusion in FCC-Fe [96] . Similarly in the current Fe-Ni-Mn-Cr HEA, sluggish solute diffusion might suppress the radiation-induced segregation behavior, as the different constituent elements have to diffuse in a coordinated manner against the fluctuating potential energies at the lattice sites.
Severe lattice distortion effect:
Since every atom in a multicomponent matrix is surrounded by different kinds of atoms, a lattice strain due to atomic size difference is expected. This lattice strain could produce preferential diffusion of certain solute atoms and therefore we quantify the magnitude of this alternative diffusion mechanism in the following. The difference in atomic radius ∆R, can be calculated using the equation below.
(Eq. 4) where R a is the average atomic radius, R i is atomic radius of component and C i is the molar percent of component. The atomic radius of Fe is 0.124 nm, Ni is 0.125 nm, Mn is 0.112 nm and Cr is 0.125 nm, using estimates based on metallic bonding [97, 98] .
Based on above equation, the calculated maximum difference in the atomic radius in near-equimolar 27Fe-28Ni-27Mn-18Cr HEA is ∆R max is 7.6 %. Since the maximum calculated misfit between the solute atoms is ≈7.6 %, which is less than the 12% limit for solid solution stability [98] , the segregation due to the contribution from elastic strain energy associated with misfit atom lattice distortion is assumed to be minimal in Fe-NiMn-Cr.
High entropy effect:
The contribution of configurational entropy in reduction of the total Gibbs free energy will be high only when the alloy microstructure is single-phase [96] . Buildup of large local defect concentrations during irradiation can introduce noticeable changes in stability of phases. Otto et al. [99] have shown that entropies can vary substantially in equal element multi-component alloys and other factors such as chemical interactions between the elements play an important role in single phase stability. In addition, it was reported that equiatomic binary pairs: Fe-Ni, Ni-Cr, Fe-Mn, Fe-Cr, Ni-Mn, exhibit small calculated deviations in entropy and Gibbs free energy from ideal fcc solid solutions at high temperatures, suggesting that a single phase solid solution is energetically favorable [99] . In the current Fe-Ni-Mn-Cr HEA alloy, phase decomposition was not observed at any irradiation condition, which is consistent with high configurational entropy playing a crucial role in single phase stability. Nevertheless, the specific physical mechanism responsible for the good phase stability (e.g., high configuration entropy vs. sluggish diffusion that inhibits achievement of equilibrium conditions or other potential mechanisms) requires further investigation. Detailed kinetic calculations are needed to understand the entropy effect on the solute segregation and subsequent precipitation behavior in HEAs. Lack of thermodynamic and kinetic databases on HEAs in the literature restricts a deeper understanding of their segregation behavior. Regardless of the specific physical mechanism, it can be clearly concluded that, compared to conventional austenitic Fe-Cr-Ni and Fe-Cr-Mn alloys, a significant difference in radiation response of the Fe-Ni-Mn-Cr HEA at elevated irradiation temperatures (400 to 700°C) is observed.
Comparison of the present experimental results with those observed in conventional FeCr-Ni alloys, such as lower radiation-induced segregation at the grain boundaries, shift in peak radiation induced solute segregation temperature to higher temperatures, lack of visible void formation, and reduced driving force to eliminate defects such as dislocation loops during irradiation in the high temperature regime of 400 to 700°C, indicate that the current multi-component Fe-Ni-Mn-Cr alloy could be a promising new type of structural material with high radiation resistance for nuclear energy applications. The apparent sluggish diffusion at 400 to 700°C suggests that HEAs may be good candidate materials up to higher operating temperatures compared to conventional austenitic steels.
It is well known that the viability of proposed fusion and advanced fission energy systems are highly dependent on the availability of structural materials that can retain their functionality and integrity under extreme reactor conditions throughout its lifetime. Several materials are currently under consideration, including ferritic-martensitic steels with high void swelling resistance [100] [101] [102] , compositionally tailored austenitic steels [103] , ODS ferritic steel [104] [105] [106] , SiC/SiC composites [107, 108] , nano-engineered austenitic stainless steels [109] , and V alloys [110, 111] . However, nearly all these materials are still at a relatively early stage of development and have their own sets of limitations. For example, ferritic-martensitic steels generally exhibit good unirradiated properties and have good void swelling and RIS resistance at intermediate temperatures, but suffer from relatively poor thermal creep strength at high temperatures (>550°C) and are susceptible to radiation-induced fracture toughness embrittlement at low temperatures. The required performance parameters for structural materials in the extremely harsh fission and fusion reactor radiation environment are very challenging, so the conventional physical metallurgy approach based on only one dominant solvent may not enable the requisite dramatic improvements in properties. Therefore exploration of new classes of potentially revolutionary materials is valuable. High entropy alloys have 20 shown many promising properties for structural applications such as lesser degree of softening than conventional alloys especially at elevated temperatures [112] [113] [114] [115] . However, considerable additional research is needed to confirm the appropriateness of HEAs for nuclear energy applications. The results presented in this study are an encouraging initial investigation of the potential applicability of HEAs for nuclear energy structural applications. Further research on the irradiation damage resistance of high entropy alloys should be conducted, including irradiations to higher doses to confirm and extend the current moderate-dose (~10 dpa) observation of good radiation resistance. Further improvements in structural performance and radiation resistance by purposeful introduction of alloy modifications, such as grain boundary engineering [116] and/or precipitates to serve as efficient point defect recombination sinks [117, 118] , can be envisioned.
Conclusions
In the present experimental study, the irradiation behavior of Fe-28%Ni-27%Mn-18%Cr high entropy alloy specimens irradiated at temperatures ranging from room temperature to 700°C to midrange doses of 0.1 to 10 dpa has been examined. Microstructural changes and associated hardening in the irradiated HEA is qualitatively similar to conventional austenitic Fe-Cr-Ni or Fe-Cr-Mn alloys for irradiation near room temperature. Conversely, microstructural characterization performed using transmission electron microscopy shows that the radiation damage changes at elevated temperatures (400-700°C) are generally markedly different (less radiation degradation) in the examined FCC Fe-Ni-Mn-Cr high entropy alloy compared to conventional austenitic Fe-Cr-Ni or Fe-Cr-Mn alloys.
• Fe-Ni-Mn-Cr high entropy alloy did not exhibit any phase instability after ion irradiation up to midrange doses of 10 dpa at 400-700°C.
• The radiation-induced solute segregation (RIS) behavior near grain boundaries in the examined Fe-Ni-Mn-Cr HEA specimens is significantly suppressed compared to the behavior observed in Fe-Cr-Ni and Fe-Cr-Mn austenitic alloys.
• Void formation was not observed at any irradiation condition. Since Fe-Cr-Ni alloys typically experience ~1% volumetric void swelling at comparable ion irradiation conditions, this indicates that the Fe-Ni-Mn-Cr HEA has better swelling resistance than conventional Fe-Cr-Ni austenitic alloys.
• The lower defect cluster size and higher cluster density for the irradiated Fe-NiMn-Cr HEA compared to conventional Fe-Cr-Ni alloys at 400-700°C, along with the shift in the peak radiation induced solute segregation regime to higher temperatures, is consistent with reduced point defect mobility for HEAs.
Collectively, these observations suggest that high entropy alloys are promising base compositions for demanding nuclear energy applications, and more generally that high configurational entropy may exert a significant influence on microstructural evolution in irradiated materials at elevated temperatures relevant for advanced nuclear energy applications. Tables   Table 1: Summary of ion irradiation conditions for the Fe-28%Ni-27%-Mn-18%Cr high entropy alloy. All doses refer to midrange values (depths of 0.5 and 1 µm for 3 and 5.8 MeV Ni ions, respectively) Table 2 : Summary of measured dislocation loop parameters in the ion irradiated Fe-Ni-Mn-Cr HEA samples Table 3 : Comparison of calculated hardness change ‫ܪ∆(‬ ) and experimentally obtained hardness change ‫ܪ∆(‬ ), in the ion irradiated Fe-Ni-Mn-Cr HEA specimens 
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